The pressure response of the ultraviolet photoluminescence of ZnO nanocrystallites and MgZnO nanoalloy of composition 15% Mg:85% Zn of the wurtzite structure was studied. The authors found that up to 7 GPa the pressure coefficients of ZnO and MgZnO are 23.6 and 27.1 meV/ GPa, respectively. The pressure coefficient of the ZnO nanocrystallites is similar to that reported elsewhere for bulk ZnO material. The higher value found for MgZnO is discussed in terms of the d orbitals of the alloy constituents and their compliance to stress. Additionally, the volume deformation potential was derived from the experimental results. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2369917͔ ZnO and Mg x Zn 1−x O alloys are promising nextgeneration wide-band-gap semiconductors for optoelectronic applications and are also of considerable interest from a fundamental viewpoint.
ZnO and Mg x Zn 1−x O alloys are promising nextgeneration wide-band-gap semiconductors for optoelectronic applications and are also of considerable interest from a fundamental viewpoint.
1- 8 The environmentally friendly chemical composition and the deep excitonic level ϳ60 meV of ZnO make it an excellent candidate for high-efficiency ultraviolet ͑UV͒ light sources. Moreover, the Mg x Zn 1−x O solid solution has been recently realized for thin films [9] [10] [11] [12] as well as for nanopowders. 13 These optical alloys enable the tuning of the band gap and the luminescence at the range of ϳ3.0 for ZnO of the wurtzite structure up to ϳ7 eV for the MgO of the rocksalt structure.
Nanomaterials under high pressure might have different properties from those of the bulk. For example, previous x-ray studies on the structural stability of nanocrystalline ZnO found that a phase transition from the wurtzite to the rocksalt structure takes place at a pressure of 15.1 GPa in comparison to 9.9 GPa for the bulk.
14 Similar trends of increasing the phase transition pressure as a function of size were also found for CdSe nanocrystallites. [15] [16] [17] The optical properties of bulk and nanoscale ZnO at ambient conditions have been extensively investigated; in contrast, less is known about their properties under the influence of applied pressure and still less so for ZnO nanomaterials. [18] [19] [20] [21] 14 Presently there is only one reported study on the pressure response of the photoluminescence ͑PL͒ of ZnO nanowires, 21 and none on that of Mg x Zn 1−x O.
In this letter, we present studies on the PL properties of ZnO and Mg 0.15 Zn 0.85 O nanocrystallites of the wurtzite structure at hydrostatic pressures up to 7 GPa. We address the issue of the PL response to applied pressure and ascertain the volume deformation potential for the pure ZnO as well as for its alloy.
The UV-PL experiments were performed utilizing a cwKimmon laser with a wavelength of 325 nm ͑3.8 eV͒ and a JY-Horiba micro-Raman/PL system consisting of a highresolution T-64000 triple monochromator and a UV microscope capable of focusing to a spot size of ϳ1 m diameter. For the hydrostatic pressure measurements a D'Anvils diamond anvil cell with 0.6 mm culets and Inconel gaskets was employed. The standard 4:1 methanol-ethanol mix was used as the pressure medium. The pressure was measured using the shift in the TO-Raman mode of cubic boron nitride calibrated by Datchi and Canny. 22 The transmission electron microscope ͑TEM͒ has been performed on JOEL 2010 microscope. The nanocrystallites were synthesized via the thermal decomposition method and were previously studied via PL, resonant-Raman, and x-ray photoelectron spectroscopy as well as x-ray diffraction ͑for details see Ref. 13͒. Our previous results indicated that the nanocrystallites have the wurtzite structure and that the PL is of excitonic origin. Figure 1 presents a characteristic TEM image of the Mg 0.15 Zn 0.85 O nanocrystallites. The crystallites have an average diameter size of 40 nm and are nearly hexagonal platelets with rounded edges. The thickness of the crystallites was estimated to be in the size range of their diameter. Additional TEM images indicated that most of the sample exhibits a size distribution similar to that presented in Fig. 1 . Moreover, the pure ZnO crystallites were found to have a morphology comparable to that of the alloy. The selected area diffraction ͑SAD͒ pattern reveals that the individual nanocrystallites are single crystals that can be indexed with the hexagonal wurtzite ZnO phase. Figures 2͑a͒ and 2͑b͒ depict the roomtemperature UV-PL spectra of the ZnO and Mg 0.15 Zn 0.85 O crystallites for various pressures, and Fig. 3 presents the dependence of PL energy on the applied pressure for both samples. As can be seen in Fig. 3 , the PL energy of the ZnO nanocrystallites exhibits a blueshift of ϳ160 meV as the pressure increases from ambient pressure up to ϳ7 GPa. For the same pressure range, the PL energy of the Mg 0.15 Zn 0.85 O crystallites shifts by ϳ190 meV. To obtain the pressure coefficient, a P = ‫ץ‬E / ‫ץ‬P, the data in Fig. 3 have been fitted to a linear function of the form a͒ Author to whom correspondence should be addressed; electronic mail: lbergman@uidaho.edu
͑1͒
where E 0 is the PL energy at atmospheric pressure. It was found that a P = 23.6± 0.4 meV/ GPa for ZnO and 27.1± 1.3 meV/ GPa for the Mg 0.15 Zn 0.85 O crystallites. From the statistical uncertainties in the fits, we can say that a P for Mg 0.15 Zn 0.85 O is larger than that of ZnO, with better than one sigma confidence.
The pressure coefficients of several-micron-size ZnO particles, which were obtained via absorption and transmission measurements, were previously reported to be in the range of ϳ23.3-24.5 meV/ GPa. 19, 20 In these studies the pressure dependence of the fundamental absorption edge was investigated. A more detailed absorption study concerning the pressure response of the excitonic levels in micro-ZnO particles found that the pressure coefficient is a function of the exciton type and its energy levels; in particular, the A and B excitons in their ground state were found to have pressure coefficients of 23.6 and 24.4 meV/ GPa, respectively. 18 Thus, in that regard, the value we obtained for the ZnO nanocrystallites, 23.6 meV/ GPa, is in close proximity to that of the bulk. Currently, there is only one previous report concerning pressure dependence of the PL of ZnO at the nanoscale. In that article, the pressure coefficient of ZnO nanowires of size ϳ100 nmϫ 2 m was reported to be 29 meV/ GPa. 21 The type and nature of the excitons in ZnO nanostructures, such as crystallites, wires, and dots, are still an open issue and, in general, have been found to depend on shape, size, and surface defects. [23] [24] [25] [26] [27] [28] We suggest here that the difference between the pressure coefficients of the ZnO nanorods and our ZnO nanocrystallites may be principally due to the different excitonic emissions of the two materials.
The variation in values of the pressure coefficients of Mg 0.15 Zn 0.85 O ͑27.1 meV/ GPa͒ and ZnO ͑23.6 meV/ GPa͒ nanocrystallites may be explained within the framework of the theoretical study by Wei and Zunger on the pressure dynamics of tetrahedral bonded semiconductors. 29 According to the theory, the d orbitals reduce the pressure coefficient via p-d coupling; for example, the calculated pressure coefficient of MgO ͑of the zinc-blende structure͒ is ϳ41.2 meV/ GPa ͑Ref. 30͒, which is higher than that of ZnO. The higher value for MgO stems from the lack of occupied d orbitals in that material. In our nanoalloy there is ϳ15% Mg in the ZnO matrix, thus effectively reducing the density of occupied d orbitals in the alloy and resulting in the increase of the pressure coefficient.
Knowing the pressure response of the PL energy E͑P͒, the volume deformation potential a V = ‫ץ‬E / ‫ץ‬ ln V can be calculated using the following approximation for a V :
as well as with the use of the Murnaghan equation of state:
In Eqs. ͑2͒ and ͑3͒, V is the volume, V 0 is the volume at atmospheric pressure, ⌬E is the shift in the PL energies, B is the bulk modulus, and BЈ is its pressure derivative. For bulk wurtzite ZnO, the bulk modulus and its pressure derivative obtained by x-ray measurements were reported to be B = 142.6 GPa and BЈ = 3.6. 32 Using Eqs. ͑2͒ and ͑3͒, the pressure as a function of ⌬E can be obtained
By plotting the pressure versus ⌬E, the volume deformation potential was found by fitting the data to Eq. ͑4͒. For the ZnO nanocrystallites, we found that a V = −3.47± 0.04 eV, which is comparable to the bulk values. 18, 20 For the Mg x Zn 1−x O alloy system the bulk moduli and their derivatives are presently not known. However, due to the relatively small percentage of Mg concentration in the nanoalloy and the fact that it has the wurtzite structure, we can approximate a V by using bulk modulus of the pure ZnO. Given that approximation, we derived a V = −4.55 eV for Mg 0.15 Zn 0.85 O.
In summary, we studied the hydrostatic pressure response of the room-temperature UV-PL of ZnO and Mg 0.15 Zn 0.85 O nanocrystallites of size ϳ30 nm. We found that in the pressure range spanning ambient up to 7 GPa the pressure coefficients of ZnO and Mg 0.15 Zn 0.85 O are 23.6 and 27.1 meV/ GPa, respectively. The pressure coefficient of the ZnO nanocrystallites is similar to that reported for the bulk ZnO, and we attribute the higher value found for Mg 0. 15 
